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Summary 
The contributions of germllne-encoded T cell receptor 
segments and of HLA-DR polymorphisms in shaping 
the repertoire of human CD4+ CD45RO- T cells were 
Investigated in healthy unrelated Individualsand in pa- 
tients wlth rheumatoid arthritis, an HLA-DRB1’04- 
associated disease. By comparing frequencies of V5- 
J5 combinations, healthy individuals segregated Into 
independent clusters, which strongly correlated wlth 
the HLA-DRBl allele expresslon. The repertoire finger- 
print imposed by the HLA-DRBl alleles involved only 
a selected group of J5 elements, whereas the distrlbu- 
tlon of the other J5 segments was HLA independent. 
The HLA-restricted J5 elements are characterked by 
a Gly-Pro-Gly sequence within the conserved Phe- 
Gly-X-Gly motlf, which Induces rigidity In an other- 
wise more flexible protein backbone. The T cell recep 
tor repertoire dlstingulshed patients with RA from 
healthy HLA-DR-matched Individuals, suggesting that 
patients share a sekctlon mechanism that slgnifi- 
cantly distorts the composltlon of the T cell receptor 
rt3petiOiW. 
Introduction 
The antigen receptor expressed on aj3 T cells recognizes 
peptide antigen presented by major histocompatibility 
complex (MHC) molecules. The diversity of potential anti- 
gens is matched by the diversity of T cell receptors (TCRs) 
formed by the rearrangement of variable (V), diverse (D), 
and joining (J) gene segments at the DNA level (Alt et al., 
1992; Schatz et al., 1992). Diversity is enhanced by the 
imperfect joining of the V, D, and J segments, the addition 
of nontemplated and templated nucleotides, and finally 
by a and 3 chain pairing (Komori et al., 1993; Gilfillan et 
al., 1993). Several studies have shown that these genomic 
events result in an uneven distribution of V and J segments 
in the repertoire of human T cells. 
In addition to the effects of the DNA recombination ma- 
chinery, the peripheral TCR repertoire is shaped during 
thymic development by positive and negative selection 
(Rothenberg, 1992; von Boehmer, 1994). Both selection 
events depend upon an interaction between TCR and 
MHC peptide complexes (Berg et al., 1989; Kisielow et 
al., 1939). The selection process is most likely regulated 
by the avidity of this cellular interaction with high avidity 
interactions resulting in negative selection and positive 
selection being mediated by low avidity interactions (Ash- 
ton-Rickardt and Tonegawa, 1994). In this model, subtle 
changes in MHC and peptide concentrations can funda- 
mentally change the outcome of the selection process 
(Hogquist et al., 1994; Ashton-Rickardt et al., 1994). In 
addition to the nature of the peptide antigen and the densi- 
ties of the TCR, MHC-peptide complexes (Berg et al., 
1999) and adhesion molecules (Lee et al., 1992) the out- 
come in this differential-avidity model of thymic selection 
may be critically influenced by structural constraints im- 
posed by the polymorphisms of V and J elements and the 
corresponding MHC elements. During thymic selection, 
particular combinations may be more prone to either high 
or low affinity interactions. 
In general, thymic selection events have been difficult 
to demonstrate in the human system. Haplotype-matched 
and unmatched siblingsand monozygotictwins have been 
studied using either Vf3- and Va-specific antibodies or a 
semiquantitative polymerase chain reaction (PCR) with 
VP-C&specific primer sets (Gulwani-Akolkar et al., 1991; 
Hawes et al., 1993; Davey et al., 1994; Malhotra et al., 
1992). These studies have been able to demonstrate that 
the frequency of V gene segment usage is more similar 
among monozygotic twins and siblings who share an MHC 
haplotype. However, with the exception of TCRAV2S3 and 
HLA-B39, these studies have not shown aclearcorrelation 
between MHC polymorphisms and V gene segment usage 
(Gulwani-Akolkar et al., 1991). 
In the current model of TCR-MHC interaction, the pro- 
tein structure encoded by the Jf3 element may influence 
the configuration of the third complementaritydetermining 
region (CDR3) as well as may contribute to the actual pep- 
tide binding site (Chothia et al., 1999). To address the 
question whether structural features imposed by the JB 
elements influence thymic selection events, we deter- 
mined the J3 gene segment usage of TCR sharing a Vg 
element in two groups of normal unrelated donors who 
differed at the HLA-DRBl locus. To minimize the effect 
of exogenous antigen on the shaping of the peripheral 
TCR repertoire, CD4+ CD45RO- T cells were studied 
(Akbar et al., 1999). 
Our comparison of the two groups of normal donors 
demonstrated a high correlation between HLA-DRBl poly- 
morphisms and Jf3 gene segment frequencies in the reper- 
toire of CD4+ CD45RO- T cells. Analysis of the different 
Jj3 elements demonstrated that the HLA-DRBl polymor- 
phism had an impact on the frequencies of very few JB 
elements. A subset of J3 gene segments was sufficient 
in distinguishing HlA-DR1/4+from HlA-DR3/7+ donors. This 
subset of JB gene segments was the same for BV9-J and 
BV5-J combinations, suggesting that JB elements can be 
functionally subsetted into two categories. 
The role of HLA-DR molecules in T cell repertoire forma- 
tion may be critical in the phenomenon of HLA and disease 
association. We have therefore studied a cohort of patients 
with rheumatoid arthritis (RA), a disease strongly associ- 
ated with the expression of HLA-DRB1’84 alleles. Our 
results demonstrate that, while RA patients display the 
HLA-DR4 characteristic fingerprint of selected V8-J8 fre- 
quencies, their Vj3-Jj3 TCR repertoire can be clearlydistin- 
guished from that of HLA-DR4-matched controls. These 
data not only suggest that repertoire formation is unique 
in RA, but also that there are genetic or acquired factors 
in addition to the HlA-DR polymorphism that impose re- 
strictions on the repertoireof available CD4+ T cell specific- 
ities in RA. 
Results 
Quantification of V-Jg Frequencies 
To analyze the frequency of individual Jj3 elements in the 
peripheral human TCR repertoire, a quantitative hybridiza- 
tion assay was developed. Initially, T cell clones were se- 
quenced to identify TCR 8 chains bearing one of each of 
the 13 Jj3 elements. cDNA from these clones were used 
to generate standard curves and densitometry analysis 
allowed quantitation of hybridization. Mixing experiments 
were performed to determine the accuracy of the quantita- 
tion method. Increasing cell numbers of a BV17J2S7 T 
cell clone were added to peripheral blood mononuclear 
cells and cDNA was synthesized. The cDNA was amplified 
with the appropriate Vg-C8 primer set and the resulting 
PCR product hybridized with the BJ2S7 and C8 probes. 
These experiments showed a high correlation between 
expected and measured Jj3 frequencies (data not shown). 
The Influence of HLA-DR Polymorphlsma on the 
Peripheral TCR Repertolrs Can Be Demonstrated 
at the Level of V-Jg Frequencies 
To address the question of whether HlA-DR alleles influ- 
ence J8 usage, two groups of normal unrelated individuals 
selected for the expression of HlA-DRBl alleles were 
compared. Group A was comprised of ten HLA-DR3/7+ 
individuals (Al-AlO) and Group B of 11 HLA-DR1/4+ indi- 
viduals (Bl-Bl 1). Antigen challenge and the subsequent 
expansion of reactive T cell clones in an individual should 
have a major influence on the functional TCR repertoire. 
To minimize the influence of antigenic experience, T cells 
were selected that did not bear the CD48RO cell surface 
marker. CD4+ CD45RO- T cells were sorted, followed by 
BV8S1/8S2-specific PCR amplification and hybridization 
with the 13 J3 probes and the C8 probe. Figure 1 shows a 
comparison of BV8-J usage in HlA-DR1/4+ or HLA-DR3/7+ 
donors and demonstrates that the polymorphism of the 
HLA-DR molecules modulates the frequency of V-J com- 
binations in BV8+ CD4+ CD48RO- T cells. HLA-DR1/4+ 
individuals preferentially selected the BJPSl and BJZS5 
elements when recombined with BV8 (p = 0.001; p = 
0.894) and HLA-DR3/7+ individuals preferentially used the 
BJ2S7 gene segment (p = 0.8982). 
The TCR repertoire is a complex System of interrelated 
variables. To examine whether the combinations of VP- 
L 
Figure 1. EVE-J Frequencies in CD4+ CD45RO‘ T Cells from HLA- 
DR114+ and HlA-OfW7+ Donors 
The frequencies of BV8-J combinations were determined in 11 HtA- 
DR1/4+ and 10 HtA-DR3/7+ individuals. By atwc-tailed rank-sum test, 
BVRt2Sl and BWJ2S5 recombinations were significantly increased in 
HLA-DR1/4+ donors, and HLA-DR3/7+ donors expressed significantty 
more BWJ2S7 (p I 0.001; p = 0.004; p = 0.0002). 
Jj3 frequencies can distinguish cohorts of donors and to 
determine whether grouped donors share identifiable 
characteristics, cluster analysis was performed. As shown 
in Figure 2, the study cohort of 21 individuals could be 
segregated into two major clusters based solely on the 
BV8-J frequencies. There was a strong correlation be- 
tween the resulting clusters and expression of HlA-DRBl 
alleles. All HLA-DR1/4+ individuals (81-811) were as- 
signed to one cluster, having been identified as being more 
similar to one another as compared with HLA-DR3/7+ do- 
nors. Similarly, all HlA-DR3/7+ individuals (Al-AlO) clus- 
tered into a group, with the exception of individual A8 who 
was more similar to an HLA-DR1/4+ donor than to other 
HLA-DR3/7+ individuals. The ability to distinguish two 
clearly different clusters of individuals based on V-J8 us- 
age and to correlate the grouping with the polymorphism 
of the HLA-DRBl genes provides strong evidence for the 
role of the HLA in shaping the peripheral CD4+ CD48RO- 
TCR repertoire. 
A comparison of the characteristics of the two distinct 
V-J8 determined clusters of individuals indicated that 
there was a qualitative difference in the clusters of HLA- 
DR1/4+ and HlADR3/7+ individuals. As shown in Figure 
2, the group of HLA-DR3/7+ individuals was more homoge- 
neous in terms of V-J8 frequencies than was the group 
of HLA-DR1/4+ donors. To assess the heterogeneity within 
the two groups, each individual was compared with all 
other individuals sharing the same HLA-DR haplotypes 
and the sum of the squares of the differences for all Jj3 
elements was determined. A permutation test was used 
to allow statistical comparison of the observed distribution 
of the distances. The group of HLA-DR3/7+ individuals 
was characterized by a smaller median difference of 8.8, 
compared with a median of 9.9 in the HlA-DRi/4+ group, 
indicating that these individuals were more similar to each 
other in terms of Vj3J8 frequencies (data not shown). The 
tighter regulation of distributions in HlA-DR3/7+ donors 
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Based upon the Fre- 
We grouped 21 donors according to similarities and dissimilarities 
in BV8-J frequencies. The donors formed two independent clusters, 
which correlated with the HLA-DRBl allele expression. 
(A) Individuals typing HLA-DFt3/7. 
(6) Individuals typing HLA-DRIW. 
in comparison to HLA-DR1/4+ donors approached signifi- 
cance (p = 0.08). To exclude the possibility that a diversity 
of HLA-DRBl l 04 alleles may be responsible for the het- 
erogeneity within the HLA-DR1/4+ group, HLA-DR1/4+ do- 
nors were subtyped. All but two individuals expressed the 
DRBlV401 allele. Only one donor was DRBl l 0404+ and 
another donor carried the DRBl l 0403 variant, suggesting 
that allelic polymorphisms within the DR4 family was very 
limited in our study population and could not explain the 
higher degree of heterogeneity. Also, exclusion of the 
DRB1.0403 and B1’0404 individuals from the analysis 
A 
JP 1.2 
wb) 
did not significantly decrease the heterogeneity within the 
HLA-DR1/4+ group (data not shown). 
Functional Dissection of Jp Elements 
Jp gene polymorphisms may influence the structure of 
the CDR3 region or may directly contribute to the actual 
antigen binding site. While their sequence polymorphism 
is limited, comparison of the 13 J5 gene segments demon- 
strates that they can be dissected into two distinct groups 
based upon the Phe-Gly-X-Gly motif. The J5 elements 
2S1, 2S3, 2S5, and 2S7 share a Pro substitution in the 
conserved Phe-Gly-X-Gly stretch, whereas all other J5 
segments have a polar amino acid or an alanine instead 
of the Pro in this position. A polar substitution in this motif 
allows for a flexible protein backbone; the presence of 
a Pro residue, however, introduces rigidity. To test the 
hypothesis that the presence or absence of Pro in the 
Phe-Gly-X-Gly motif has significant impact on the TCR- 
HLA interaction, the role of J5 segments that either ex- 
press or lack the Pro residue was compared in repertoire 
selection. 
Figure 3 shows the Jf3 frequencies of these two subsets 
of gene segments in a three-dimensional analysis. The 
first set of J5 elements includes BJ2S1, 2S5, and 2S7. 
The second set of JB elements, BJlSl , 1 S2, and 2S2, 
was chosen for comparison because it represents frequent 
J5 elements with a polar substitution. The figure shows 
that the BJPSl , 2S5, and 2S7 frequencies form clusters 
corresponding to either the HLADRV4’or the HLADR3/7+ 
individuals, whereasthe BJlSl, lS2, and2S2frequencies 
do not cluster according to HLA haplotype. The Pro resi- 
due is also found in the BJ2S3 element, although its usage 
did not differ between donor cohorts. 
6 
JB 2.1 
(W 
Figure 3. Functional Dissection of Jf3 Elements Eased upon the Influence of HLA-DR Polymorphisms on Jf3 Frequencies 
The impact Of two groups of Jg elements (left, Jgl .l, 1.2, and 2.2; and right, Jb2.1, 2.5, and 2.7) on repertoire formation were compared. The 
figure shows a three-dimensional analysis of Jb segment frequencies. The frequencies of Jg2.1, 2.5, and 2.7 solely determine the segregation of 
HlA-DRlN+ (closed) and HLADR3/7+ (open) individuals into separate clusters. The frequencies of Jgt .l, 1.2, and 2.2 are HfA independent. 
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Figure 4. Comparison of BV5Sl-J Use in CD4+ CD45RO- T Ceils in 
HLA-DR1/4+ and HL&DFt3/7+ Donors 
BV5Sl-J frequencies were measured in 21 individuals selected for 
their HIA-DRBl alleles. BV5SlJ2S5 was significantly increased in 
HIA-DR3/7+ donors, and HLA-DR1/4+ donors expressed significantly 
higher levels of BV5SlJ2S7 (p = 0.005; p = 0.01). 
Gly-Pro-Gly-Containing Jp Elements Are also 
Selected by HLA-DR Polymorphisms 
In BV5Sl+ TCR 
To test the hypothesis that Jfl elements containing the 
Gly-Pro-Gly sequence interact differently with HLA-DR 
molecules, Jp usage in BV5Sl+ CD4+ CD45RO-TCR was 
tested. Figure 4 demonstrates that the HLA-DR haplotypes 
also influenced the repertoire of BMSl+ T cells and that 
the Jfl elements involved were again BJ2S7 and BJ2S5. 
BJ2S7 was preferentially selected by the HLA-DR1/4+ nor- 
mal individuals (p = 0.01) and the HlA-DR3/7 donors se- 
lected the BJ2S5 element (p = 0.005). Cluster analysis 
using only the selected Jp elements of interest, i.e., 
SJPSl, 2S5, and 2S7, again separated the donors on the 
basis of HLA-DR type (data not shown). In comparison, 
cluster analysis using the BJl Sl , 1 S2, and 2S2 elements 
showed a random distribution of HLA-DR1/4+ and HLA- 
DR3/7+ donors. 
Selection of V-JfS Combinations In CD45FlO- CD4+ 
T Cells of RA Patlents 
V-Jg frequencies can be used to demonstrate selection 
events imposed by HlA-DR molecules in normal individu- 
als. HLA-DRBl l 04 and HLA-DRBl ‘01 alleles have been 
strongly linked to RA, a disease characterized by dense 
infiltrates of CD4+ T cells in the synovial membrane. To 
analyze whether RA patients select a similar TCR reper- 
toire as compared with HLA-DRCmatched normal con- 
trols, we analyzed the V-Jg usage of peripheral CD4+ 
CD45RO- T cells in a group of HLA-DR1/4+ (n = 6) or 
HIA-DR4/4+ (n = 4) FM patients. Table 1 compares the 
V-Jp frequencies of RA patients with HLA-DR3/7+ and 
HLA-DR1/4+ normal controls for seven Jfl segments. The 
remainder of the JB elements did not differ in frequency 
between the tested donors (data not shown). The RA pa- 
tients were very similar to HLA-DR4-matched normals in 
the frequencies of BV6J2Sl and BJ2S7 combinations and 
significantly different from HIA-DR3/7+ controls. RA pa- 
tients and normal HLA-DR4+ individuals shared the fre- 
quent usage of the BV6J2S5 combination compared with 
HLA-DR3/7+donors. However, thefrequencyof BV6J2S5+ 
T cells was even higher in RApatients than in the HLA-DRl/ 
4+ normal donors (p = 0.0004). The RA patients differed 
significantly from both HLA-matched and unmatched con- 
trols in their usage of the BJl Sl , 1 S2,2S2, and 2S3 gene 
segments in combination with BV6. 
A three-dimensional analysis of JB use is given in Figure 
5. RA patients could be dissected from the HLA-DR1/4+ 
healthy donors based upon the usage of the BJl Sl , 1 S2, 
and 2S2 elements. These JB elements had not been able 
to discriminate between HLA-DR3/7+ and HLA-DRl/4+ 
normals (see Figure 3). RA patients could also be distin- 
guished by BJSSl, 2S5, and 2S7 frequencies. Compared 
with the normal HLA-DR3/7 population shown in Figure 
3, both the HLA-DR1/4 normal and the RA cohort showed 
differences in the same direction. The unique clustering 
of the RA patients was mainly due to the increase in the 
BV6J2S5 frequency (Table 1). As shown in Figure 6, the 
10 RA patients (Cl-ClO) formed a unique cluster when 
compared with all 21 normal donors. This cluster was in- 
clusive for all of the RA patients and exclusive for normal 
Table 1. Frequency of Selected V-Jg Elements in CD45RO%D4+ Peripheral Blood T Cells 
Frequency (Mean 2 SD) p Value’ 
Heading HIA-DR3l7 HlA-DRlN RA 3l7 versus 114 3l7 versus FlA 114 versus RA 
Jf32.1 13.3 f 2.6 16.2 f 1.7 16.0 f 4.9 0.001 0.014 n.s. 
JB2.5 4.6 f 1.3 7.6 f 1.9 14.8 f 4.4 0.004 <O.OOOl 0.0004 
JB2.7 12.2 f 2.1 6.7 f 1.7 7.3 f 2.0 0.0002 <O.OOOl n.s. 
JB2.3 11.3 f 1.6 11.2 f 2.4 7.0 f 1.9 ns. <O.OOOl 0.0009 
Jb1.1 4.0 f 1.5 4.5 f 2.0 10.2 Et 4.0 n.s. <0.0001 0.002 
JB1.2 9.0 f 1.0 7.8 f 2.3 11.2 f 2.6 n.s. 0.028 0.015 
JB2.2 9.7 f 1.9 11.2 f 1.6 7.0 f 1.8 ns. 0.006 0.0004 
l p values are based on the two-sample rank-sum test and are reported only if they are less than 0.05 (n.s. implies p 2 0.05). Since there were 
39 potential two-sample comparisons involving the 13 V-J6 elements, any p value < 0.00128 would be judged significant while adjusting for 
multiple comparisons by the Bonferroni inequality. 
Repertoire Selection and Jf3 Polymorphism 
601 
A 
Jp 1.2 
(W 
B 
Jf3 2.1 
w 
Figure 5. Three-Dimensional Analysis of V55-J Frequencies in RA Patients versus HtA-Matched Healthy Controls 
The frequencies of the set of Jpi. 1, 1.2, and 2.2 (left) elements and the set of Jp2.1, 2.5, and 2.7 (right) elements distinguish RA patients (open) 
from healthy HlA-matched controls (closed). The normal donors segregated into individual clusters according to HtA-DR haplotypss as shown 
in Figure 2. Together, these data indicate that elements in addition to HLA molecules influence the peripheral naive TCR repertoire of RA patients. 
donors. The normal donors segregated into individual 
clusters according to HLA-DR haplotypes as shown in Fig- 
ure 3. Together, these data indicate that elements in addi- 
tion to HLA molecules influence the peripheral naive TCR 
repertoire of RA patients. 
In this study, we addressed the question of whether germ- 
line-encoded TCR Jf3 sequences differ in the structural 
constraints they impose on the formation of the TCR- 
Figure 6. Segregation of RA Patients and Healthy Individuals by BW- 
J Frequencies 
Cluster analysis was performed on 10 RA patients and 21 normal 
donors as described in Figure 2. The RA patients formed an indepen- 
dent cluster distinct from HLA-matched and unmatched healthy do- 
nors. 
(A) Individuals typing HlA-DR3/7. 
(6) Individuals typing HfA-DRlW. 
(C) RA patients typing HLA-DR4i4 or HlA-DR114. 
MHC-peptide complex and whether the analysis of Jf3 
gene segment usage would allow the study of variables 
that might influence the T cell repertoire formation in 
healthy individuals and patients with chronic inflammatory 
diseases. In quantitating V-J5 frequencies, we observed 
that normal unrelated individuals selected to differ at the 
HLA-DRBl locus had significant differences in the Jp fre- 
quencies of BV8 and BV5Sl TCR of peripheral CD4+ 
CD45RO- T cells. 
Patients with RA shared with normal HLA-DR4 individu- 
als the characteristic fingerprint of Jp gene segment usage 
involving the gene segments BJ2S1,2S4, 2S5, and 2S7. 
However, the V8-J8 TCR repertoire of RA patients clearly 
differed from the repertoire of both HLA-matched and un- 
matched healthy controls. The profile of Jp gene segment 
usage we have found for individuals sharing an HLA-DR 
haplotypeor for patients with RA most likely reflects thymic 
selection events. We have confined our study to CD4+ T 
cells that do not express the CD45RO marker. It has been 
shown that cells that express the CD45RO cell surface 
marker proliferate in response to recall antigen in vitro and 
provide B cell help in antibody production (Sanders et al., 
1988). There have been several lines of indirect evidence 
that CD45RO+ T cells can lose the CD45RO marker (Mi- 
chic et al., 1992); however, this phenomenon has been 
attributed to the CD8 population (Okumura et al., 1993). 
It is felt that, in contrast with the rodent systems, the 
CD45RO expression on human CD4+ T cells is stable. 
CD4+ T cells that are CD45RO- should therefore represent 
a population not influenced by exogenous antigen (S. 
Shaw, personal communication). 
Our findings are consistent with the interpretation that 
particular VP-J5 combinations are preferentially selected 
by a limiting set of dominant peptides presented by HLA- 
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DR molecules in the thymus. Positive and negative selec- 
tion of thymocytes are the result of TCR interaction with 
MHC in the cortex of the thymus (Janeway, 1994). It is 
theoretically possible that the TCR actually recognize and 
are selected by empty MHC molecules. Several investiga- 
tors, however, have provided evidence that peptides are 
important in both the stabilization and surface expression 
of MHC molecules and in the selection of a diverse TCR 
repertoire (Ashton-Rickardt et al., 1993; Hogquist et al., 
1994). The number of peptides involved in the selection 
of the peripheral T cell repertoire is difficult to estimate. 
Marrack et al. (1993) have recently shown that there is 
no obvious difference in the pattern of peptides found in 
thymic compared with splenic MHC class II molecules, 
suggesting that there is no particular prevalence of tissue- 
specific peptides. The favored theory of selection sug- 
gests that positive selection is mediated by low avidity 
interactions between theTCR and MHC with higher avidity 
interactions resulting in deletion and tolerance. The differ- 
ential avidity model of thymic selection is strictly depen- 
dent on the concentration of particular MHC-peptide com- 
plexes (Ashton-Rickardt et al., 1994). It is, therefore, 
possible that dominant peptides play a particular role in 
thymic selection. 
This hypothesis is also consistent with our finding that 
the distribution of V-J8 frequencies was more tightly regu- 
lated in HLA-DR3/7+ healthy donors in comparison to HLA- 
DR1/4+ individuals. This increased heterogeneity of the 
TCR repertoire within the HLA-DR1/4 cohort could not be 
explained by sequence polymorphisms within the HLA- 
DR4 family. All but two individuals expressed the HLA- 
DRSl l 0401 allele. Chiczet al. (1992,1993) have reported 
that the predominant peptides bound to HLA-DR mole- 
cules are derived from MHC-related molecules. If peptides 
from MHC-related molecules are preferentially used in se- 
lection of the TCR repertoire, those individuals sharing a 
more similar extended haplotype would be expected to 
select a more similar repertoire. Indeed, the extended hap- 
lotypes in our healthy donor population indicated that the 
HLA-DR1/4+ donors were much more dissimilar when 
compared with HLA-DR3/7+ donors (data not shown). Two 
HLA-DR3/7+ donors even shared two identical extended 
haplotypes. This finding may explain why for both Vj3 ele- 
ments tested, HLA-DRB1’04+ donors were less homoge- 
neous as a group than the HLA-DR3/7+ individuals (Figure 
2; data not shown). 
One surprising finding in this study was that for both 
the BV8+ and the BV5Sl+ TCR, only a subset of J8 ele- 
ments was responsible for clustering individuals into 
groups that correlated with HLA-DR haplotypes. These J8 
elements included the BJPSl , 2S4, 2S5, and 2S7 gene 
segments for the BV8 TCR and BJ2S5 and 2S7 for BVSSl 
TCR. Indeed, the usage of the BJ2S1,285, and 2S7 ele- 
ments within the context of a Vj3 element was predictive 
for the HLA-DRBl alleles of the donors (Figure 3). The 
observation that the same Jj3 element was utilized with 
different frequencies in an individual depending on the 
VP gene segment indicates the importance of the V-J8 
combination in recognition of the TCR-MHC-peptide 
complex. The exceptional role of a few Jj3 elements in 
distinguishing HLA-DR1/4+ from HLA-DR3i7+ donors 
again might indicate that limited peptides dominate in thy- 
mic selection and that these peptides, in association with 
the different HLA-DR molecules, are preferentially recog- 
nized by these particular V-J combinations. 
Alternatively, these Jj3 elements may share structural 
features and, for that reason, the HlA-DRBl polymor- 
phism may exert a major influence on the frequencies of 
V-J8 combinations utilizing these J8 elements. This model 
would explain the finding that the same J8 elements were 
found to be important for the BMSl as well as the BW- 
J combinations. Also, in contrast with the overall J8 gene 
segment usage, we could not demonstrate an influence 
of the extended haplotypes on the frequency of this subset 
of Jj3 elements. Both the HLA-DR1/4+and the HLA-DR3/7+ 
donors were homogeneous as a group when the cluster 
analysis was restricted to these Jj3 elements (data not 
shown), suggesting that MHCderived peptides may not 
significantly contribute to the biased selection of these few 
Jp elements. 
Comparisons of the amino acid sequences of the Jp 
elements that distinguished healthy donors by HLA-DR 
haplotypes (BJPSl, 2S5, and 2S7) indicated that they all 
shared a common structural motif, a Gly-Pro-Gly se- 
quence in the conserved Phe-Gly-X-Gly sequence found 
in all Jp elements (Toyonaga et al., 1985; Gascoigne et 
al., 1984). Two Gly residues separated by a single polar 
amino acid allows for a flexible protein structure. In con- 
trast, the presence of a Pro residue decreases the confor- 
mational freedom of the polypeptide backbone. A search 
of the protein data bank resulted in 18 distinct structures 
that also contain a Gly-Pro-Gly sequence. Inspection of 
the Gly-Pro-Gly region demonstrated that a majority of 
the sequences (13 of 18) possessed a well-defined bend 
in the polypeptide backbone (data not shown). The Gly 
residues, which have no side chains, appear to favor a 
kinking in the protein backbone and it is possible that the 
Gly-Pro-Gly present in certain J8 gene segments is also 
kinked. This bending in the J8 region would create a 
unique conformation of the proposed CDR3 loop as com- 
pared with CDR3 that do not contain the Gly-Pro-Gly se- 
quence. The rigid conformation, whether extended or 
kinked, may have a functional impact on the interaction of 
TCR molecules with the HLA-DR during thymic selection, 
resulting in the unique fingerprint of V-J8 combinations 
in the peripheral TCR repertoire due to the HLA-DR haplo- 
type. A more rigid TCR structure is likely to change the 
hierarchy of avidities in the TCR-MHC/self-peptide inter- 
action during thymic selection. A different conformation 
of the CDR3 may even allow a direct interaction between 
MHC and J8 polymorphisms, which would also explain 
the close correlation between HLA-DR polymorphism and 
Jp gene segment frequencies found in this study. 
Our finding that the effect of HtA-DRBl polymorphism 
on repertoire formation correlates with the frequencies of 
selected Jf3 elements opened new avenues for studying 
the relationship between TCR repertoire and disease. 
MHC class II genes have been identified as an important 
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genetic factor for most chronic inflammatory diseases 
(Nepom and Erlich, 1991). Two models have been pro- 
posed to explain the HLA class II association with disease. 
In the first model, disease-associated class II molecules 
function by selecting and presenting autoantigens and ini- 
tiating an autoreactive T cell response (Todd et al., 1966). 
Alternatively, the contribution of disease-linked HtA mole- 
cules may relate to their function in forming the TCR reper- 
toire. In RA, indirect evidence for the repertoire formation 
model has been accumulated (Albani et al., 1992; Weyand 
et al., lQQ2b; Winchester, 1994). This model has been 
difficult to test because of a lack of TCR markers that 
correlate to selection events. Studies of the TCR Vf3 reper- 
toires have not shown significant differences in RA- 
discordant twins and differences in the TCR Vy repertoire 
were not disease specific (Kohsaka et al., 1993a, lQQ3b). 
Resufts presented here demonstrate that the repertoire of 
CD4+ CD45RO- T cells can clearly distinguish RA patients 
from normal HlA-DR4+ controls (Figure 5). Although the 
frequencies of 5 of the 13 J6 elements were significantly 
different from the normal HLA-DR1/4+ population, the 
HLA-DR4-specific fingerprint (increased frequencies of 
BJPSl and 2S5, decreased frequency of BJ2S7) was 
maintained (Table 1). However, the frequencies of BJl Sl , 
lS2,2S2,2S3, and 2S5 were strikingly different. This re- 
sult could not be explained by the HLA-DR types of the 
patient population. Four patients expressed two HLA- 
DRBl *@Ivariants, whilesixpatientswere HlA-DR1/4 het- 
erozygous and were therefore matched for both HtA-DR 
types with the control group. HLA-DR4 homozygous and 
HLADRlI4 heterozygous RA patients formed one single 
cluster, which was clearly distinct from the clusters formed 
by the HlA-DR3/7+ and HLA-DR1/4+ normal individuals 
(Figure 6). Therefore, the most likely explanation is that 
patients with FtA have superimposed on their HLA-DRC 
specificTCR fingerprint aselection mechanism that signif- 
icantly distorts the representation of selected BV6-J com- 
binations in the peripheral TCR repertoire. The nature of 
this repertoire-forming mechanism is unclear. It cannot 
be excluded that the unique repertoire observed in RA 
patients is due to an MHC gene in linkage disequilibrium 
with HLA-DR4 that function in TCR selection. However, 
there is no good evidence that RA is associated with 
a particular extended haplotype. In particular, the DC lo- 
cus has not been identified as a separate risk factor for 
RA (Salmon, 1992). In Caucasian populations, HLA- 
DRBl l 0461 is tightly linked to either DQw7 or DGw6 and 
DRBl l 6404 is linked to DQw6. 
One has to ascertain the possibility that the repertoire 
shift is acquired as a consequence of the disease. We 
have recently described that patients with RA carry clon- 
ally expanded CD4 populations in the peripheral T cell 
repertoire (Goronzy et al., 1994). These clonotypes are 
not restricted to the synovial T cell population and are 
present in the peripheral blood. We have therefore 
screened four patients with RA with high frequencies of 
BVBJlSl+ and BV6JlS2+ T cells in the CD4+ CD45RO- 
T cell population for the presence of clonally expanded T 
cells as recently described (Goronzy et al., 1994). In none 
of the four patients could we detect a clonotype within the 
CD4+ CD45RO+ population that was responsible for the 
increased frequency of the BV6Jl Sl and BV6Jl S2 combi- 
nations in the CD45RO- cell population. Rather, CD4+ 
CD45RO- T cells derived from the RA patients were poly- 
clonal. FtA is a clinically heterogeneous disease. While all 
patients analyzed in this study had unequivocal seroposi- 
tive RA, they exhibited heterogeneity for disease duration, 
disease course, and therapeutic management. None of 
the clinical variables correlated with the profile of the TCR 
repertoire. Taken together, our results indicate that the 
RA-associated repertoire changes are not acquired as a 
consequence of the disease. The repertoire changes may 
therefore reflect thymic selection events and RA patients 
may share an antigenicself-peptide, which has adominant 
role in thymic repertoire formation. 
Experlmmtel Procedurea 
study PopuWon 
Peripheral blood was cokected from litA-DR1/4+ (n - 11) and HtA- 
DR3/7+ (n = 10) normal unrelated donors and from either HLA-DR11 
4’ (n = 6) or HLA-DR4/4+ (n = 4) RA patients. HLA-DR haplotypes 
were determined by a complement-mediated lymphocytotoxic assay 
at the Mayo Clinic Tissue Typing Laboratory. HLA-DR4 subtyping was 
done by PCR and subsequent sequence-specific oligonucleotide hy- 
bridization. Sequences of the primer sets and oligonucleotide probes 
have been described (weyand et al., 1992a). 
Iwletfon of Cells 
Peripheral blood mononuclear cells were obtained using Histopaqub 
1077 (Sigma Chemical Corporation, St. Louis, Missouri). Cells were 
stained at 4OC with fluoreecein ieothiocyanate-conjug anti-CD4 
(used at a I:15 dilution) and phycoerythrin-conjugated antiCD45RO 
(1:15)monoclonal antibodiee(Becton Dickinson, San Jose,California). 
The CD4+ CD45RO- subset was collected by sorting on the FACSVan- 
tage (E&ton DkMraon lmmunocytometry Systems). Sorted T cells (1 x 
lq were stimulated with phorbol myristate acetate (1 ng/mL, Sigma 
Chemical Corporation) and ionomycin (0.3 PM, Sigma Chemical Cor- 
poration) for 24 hr. A comparison of stimulated and nonstimulated cells 
demonstrated that phorbol myristate acetate and ionomycin increased 
the amount of TCR mRNA, but did not atter the measured frequencies 
of the Jj3 elements (data not shown). 
Pm 
Totai RNA was prepared by guanidinium thiocyanate phenol chloro- 
form extraction (RNA-Stat, Tel-Test, Friendswood, Texas). Reverse- 
transcribed cDNA was amplified by PCR using either a BVSSl/SS2 
(AllTACIlTAACAACAACGTTCCG) or a BVSSI (ATACTTCAGTGA- 
GACACAGAGAAAC) specific primer and an antisense TCRBC primer 
(TTCTGATGGCTCMACAC). Amplified products were run on 2% aga- 
rose gels and stained with ethidium bromide. 
Hybrtdizatlon/OuPnUflcatloP of Jfl Uuge 
The amplified PCR template was denatured, dot-blotted onto sup- 
ported nitrocellulose membranes (BioRad, Hercules, California), and 
immobilized in a vacuum oven for 1 hr at 50°C. Membranes were 
prehybridized at 55OC in 2 x SSPE (1 x SSPE: 150 mM NaCI, 10 mM 
sodium phosphate, 1 mM EDTA [pH 7.41) 5 x Denhardrs, 0.1% SDS, 
and denatured salmon sperm DNA (100 pg/mL, Sigma) for a minimum 
of 3 hr. Biotinytated J5orCj3 probes (Biotin-Cn Phosphoramidite, Clon- 
tech, Palo Alto, California) were added at 200 ng/mL and allowed to 
hybridize overnight. The sequences of the probes used for hybridixa- 
tion are the following: BJlSl, ACMGGCACCAGACTCACAGTT; 
BJ 1 S2, CCT-TCGGT-TCGGGGACCAGGT; BJ 1 S3. TACAACAGTGAG- 
CCAACTT; WlS4, AGACAGAGAGCTGGGTTCCAC; BJlS5, GATG- 
GAGAGTCGAGTCCCATCA; WI S5, TCACAGTGAGCCTGGTCC- 
CAT-T; WPSl , AGGGACACGGCTCACCGTGCTA; W2S2, GAAGGC- 
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TCTAGGCTGACCGTA; BJ2S3, TGGCCCAGGCACCCGGCTGACA; 
85254, CAGCACTGAGAGCCGGGTCCCGGCG; BJ2S5, CGGGCC 
AGGCACGCGGCTCCTG; BJ2S6, CGGCAGCAGGCTGACCGT- 
GCTG; BJ2S7, CCGGGCACCAGGCTCACGGTC, and TCRBC, ACA- 
CAGCGACCTCGGGTGGGA. During V(D)J recombinatbn, residues 
from the 5’ end of the J6 region are often deleted; therefore, the J6 
primers were designed to bind the 8end of the J6 region. Following 
hybridization, the membranes were washed in 2x BSC plus 0.1% 
SDS at 4F°C for 10 min, at 55°C for 5 min. and in 0.2x SSC plus 
0.1% SDS at 65OC for 5 min. Membranes were blocked for 30 min at 
room temperature in blocking buffer (30 g/L bovine serum albumin, 
0.1 M Tris-HCI, 0.5 M NaCI). Following incubation with streptavidin- 
alkaline phosphatase (Dako, Carpinterla, California), MoEs were devel- 
oped using 5bromo4chbro3 indolyl phosphate (50 mglmL, Boeh- 
ringer Mannheim) and +nitro blue tetrazolium chloride (75 mg/mL) in 
buffer containing 100 mM Tris-HCI, 100 mM NaCI, 50 mM MgC& (pH 
9.5). T cell clones bearing each of the 13 J6 gene segments were 
identified by sequencing and used to develop standard curves. Each 
control done was hybridized with a specific J5 probe and the Cj3 probe 
to adjust for the binding characteristics of individual oligonucleotides. 
The blots were scanned using an Ambis Gpticel Imaging System (San 
Diego, California). Regression analysis was done on the density mea- 
surements to determine the slope and y intercept of the standard 
curves, and donor templates were compared with these standard 
curves. Hybridization to the CjJ probe represents 10046 of the TCR 
5 chain mRNA. A calculation of the density of JjX6 results in the 
percentage of use of a particular Jj3 element. 
Statistics 
For analysis of individual Vg-Jj3 combinations, two-tailed rank-sum 
tests were performed. The overall repertoire was analyzed by cluster 
analysis to identify natural groups, or associations, within the data 
sets. Donor values representing the 13 Jf3 frequencies for a particular 
Vg element were analyxed using the complete linkage method of ag- 
glomerative hierarchal clustering (Anderberg, 1973). Each donor be 
gins in a cluster by him/hereelf and Euclidean distances are used as 
a measure of the degree of similarity or difference between two clus- 
ters. The two most similar clusters are merged to form a new cluster 
that replaces the two old clusters. Merging of the two closest clusters 
is repeated until only one cluster remains. 
For each donor, observations of the Vj&J5 repertoire constituted 
a 13 dimensional vector. Euclidean differences between all pairs of 
donors sharing HLA-DR haplotypes were measured by summing the 
squares of the differences of the frequency for each J6 element for 
all individuals sharing HLA-DRBl alleles. The mean distances of the 
two donor cohorts consisting of 10 and 11 individuals, respectively, 
werecompared usingapermutation tesLCfthe352,716possibleways 
of selecting 10 from 21, a random sample of 10,000 was selected, and 
the distribution of mean differences obtained. The percentile ranking of 
the observed difference was used to estimate the p value. 
Acknowfedgments 
The authors wish to thank J. W. Fulbrfght for excellent technical assis- 
tance, C. Crowson for statistical analysii, T. L. Higgins for manuscript 
preparation, and Dr. S. Breanndan Moore for providing HlA data. This 
work was supported in part by the National Institutes of Health (ROI 
AR41 974 and ROI AR42527) a clinical science grant from the National 
Arthritis Foundation (AF 14), and the Mayo Foundation. 
Received October 17, 1994; revised March 28, 1995. 
Akbar, A. N., Terry, L.. Timms, A., Bevertey, P. C., and Janossy, G. J. 
(1966). Loss of CD45R and gain of UCHLl reactivity is a feature of 
primed T cells. J. Immunol. 740, 2171-2176. 
Albani, B., Carson, D.A., and Roudier. J. (1992). Genetic and environ- 
mental factors in the immune pathogenesis of rheumatoid arthritis. 
Rheumatol. Dis. Clin. North. Am. 18, 729-740. 
Alt, F. W., Cltz, E. M., Young, F., Gomtan, J., Taccioli, G., and Chen, 
J. (1992). VDJ recombination. Immunol. Today 13, 306-314. 
Anderberg, M. R. (1973). Cluster Anafysis for Applications. (New York: 
Academic Press, Incorporated). 
Ashton-Rickardt, P. G., andTonegawa, S. (1994). A differentiaf-avidky 
model for T cell selection. Immunol. Today 15,362-366. 
Ashton-Rickardt, P. G., VanKaer, L., Schumacher, T. N. M., Pbegh, 
H. L., and Tonegawa, S. (1993). Peptide contributes to the spsciRcity 
of positive selection of CD6+ T cells in the thymus. Cell 73,1041- 
1049. 
Ashton-Rickardt, P. G.. Bandeira, A., Delaney, J. R., van Kaer, L., 
Pircher, H. P., and Zinkemagel, R. M. (1994). Evidenceforadifferential 
avidity model of T cell selection in the thymus. Cell 76, 651-663. 
Berg, L. J., Pullen. A. M., de St. Groth, B. F., Mathis, D., Benoist, C., 
and Davis, M. M. (1969). AntigenlMHC-specific T cells are preferen- 
tially exported from the thymus in the presence of their MHC ligand. 
Cell 58,1035-1046. 
Berg, L. J.. Frank, 0. D., and Davis, M. M. (1990). The effects of MHC 
gene dosage and allelic variation on T cell receptor selection. Cell 86, 
1043-1053. 
Chicz, R. M., Urban, R. G., Lane, W. S., Gorga, J. C., Stern, L. J., 
Vignati. D. A., and Stromingsr, J. L. (1992). Predominant naturally 
processed psptMes bound to HLA-DRl are derived from MHCrelated 
molecules and are heterogeneous in size. Nature 35, 764-766. 
Chicx, R. M., Urban, R. G.. Gorga, J. C., Viinali, D. A. A., Lane, 
W. S., and Btrominger, J. L. (1993). Speciftcttyand promiscuity among 
naturally processe d peptkfes bound to HLA-DR alleles. J. Exp. Med. 
178,27-47. 
Chothia, C.. Boswell, D. R., and Lesk, A. M. (1966). The outline struc- 
ture of the T cell a5 receptor. EMBO 7, 3745-3755. 
Davey, M. P., Meyer, M. M., and Bakke, A. C. (1994). T cell receptor 
Vg gene expression in monoxygotic twins. J. Immunol. 152,315-321. 
Gascoigne, N. R. J.. Chien, Y., Backer, D. M.. Kavaler, J., and Davis, 
M. M. (1964). Genomic organixation and sequence of T-cell receptor 
&chain constant- and joining-region genes. Nature 310,367-391. 
Gilfillan, B., Dierich, A., Lemeur, M., Benoist, C., and Mathis, D. (1993). 
Mice lacking TdT: mature animals with an immature lymphocyte reper- 
toire. Science 261, 1175-1176. 
Goronzy, J. J., Bartz-Bazzanella, P., Hu, W., Jendro, M. C., Walser- 
Kuntz, D. R., and Weyand, C. M. (1994). Dominant clonotypes in the 
repertoire of peripheral CD4+ T cells in rheumatoid arthritis. J. Clin. 
Invest. 94,2066-2076 
Gutwani-Akolkar, B., Posnett, D. N., Janson, C. H., Grunewald, J., 
Wig&l, H., Akolkar, P., Gregersen. P. K., and Silver, J. (1991). T cell 
receptor V-segment frequencies in peripheral btood T cells correlate 
with human leukocyte antigen type. J. Exp. Med. 174,1139-l 146. 
Hawes, (3. E., Struyk, L., and van den Elsen, P. J. (1993). Differential 
usage of T cell receptor V gene segments in CD4+ and CD6+ subsets 
of T lymphocytes in monozygotic twins. J. Immunol. 750,2033-2045. 
Hogquist, K. A., Jameson, S. C., Heath, W. R., Howard, J. L., Bevan, 
M. J., and Carbone, F. R. (1994). T cell receptor antagonist peptides 
induce positive selection. Cell 76, 17-27. 
Janeway, C. A., Jr. (1994). Thymic selection: two pathways to life and 
two to death. Immunity 7, 3-6. 
Kisielow, P., Teh, H. S., Bluthmann, H., and von Boehmer, H. (1966). 
Positll selection of antiin-speciftc T cells in thymus by restricting 
MHC molecules. Nature 335, 730-733. 
Kohsaka, H., Chen, P. P., Taniguchi, A., Oilier, W. E., and Carson, 
D. A. (1993a). Divergent T cell receptor gamma repertoires in rheuma- 
toid arthritis monozygotic twins. Arthritis Rheumatol. 36, 213-221. 
Kohsaka, H., Taniguchi, A., Chen, P. P., Oilier, W. E., and Carson, 
D. A. (19936). The expressed T cell receptor V gene repertoire of 
rheumatoid arthritis monozygotic twins: rapid analysis by anchored 
polymerase chain reactkm and enzyme-linked immunosorbent assay. 
Eur. J. Immunol. 23, 1695-1901. 
Komori, T., Okado, A., Stewart, V., and Alt, F. (1993). Lack of N regions 
in antigen receptor variable region genes of TdTdeficient lympho- 
cytes. Science 287, 1171-1175. 
Lee, N. A., Loh, D. Y., and Lacy, E. (1992). CD6 surface levels atter the 
fate of alphalbeta T cell receptor-expressing thymocytes in transgenic 
Repertoire Selection and J5 Polymorphism 
605 
mice. J. Exp. Med. 1751013-1025. 
Malhotra, U., Spielman, R., and Concannon, P. (1992). Variabilky in 
T cell receptor Vg gene usage in human peripheral Mood lymphocytes. 
J. Immunol. 749, 1802-1808. 
Marrack. P., Ignatowfcz, L., Kappler, J. W., Boymel, J., and Freed, 
J. H. (1993). Comparison of peptides bound to spleen and thymus 
class II. J. Exp. Med. 1782173-2183. 
Michie. C. A., McLean, A., Alcock, C.. and Beverley, P. C. L. (1992). 
Lifespan of human lymphocyte subsets defined by CD45 isoforms. 
Nature 388294-285. 
Nepom, G. T., and Erlich, H. (1991). MHC class-II molecules and auto- 
immunity. Annu. Rev. Immunol. 9, 493-525. 
Okumura, M., Fujii, Y., Inada, K., Nakahara, K., and Matsuda. H. 
(1993). Both CD45RA’ and CD45RA- subpopulations of CD8+ T cells 
contain cells with high levels of lymphocyte function-associated anti- 
gen-l expression, a phenotype of primed T cells. J. Immunol. 150, 
429-437. 
Rothenberg, E. V. (1992). The development of functionally responsive 
T cells. Adv. Immunol. 57, 85-214. 
Salmon, M. (1992). The immunogenetic component of susceptibility 
to rheumatoid arthritis. Curr. Opin. Rheumatol. 4. 342-347. 
Sanders, M. E., Makgoba, M. W., and Shaw, S. (1988). Human naive 
and memory T cells: reinterpretation of helper-inducer and suppres- 
sor-inducer subsets. Immunol. Today 9, 195-199. 
Schatz, D. G.. Oettinger, M. A., and Schlissel, M. S. (1992). V(D)J 
recombination: molecular biology and regulation. Annu. Rev. Immu- 
nol. IO, 359-393. 
Todd, J. A., Acha-Orbea, H., Bell, J. I., Chao, N., Fronek, Z., Jacob, 
C. O., McDermott, M.. Sinha, A. A., Timmerman, L., Steinman, L.. and 
McDevitt, H. 0. (1988). A molecular basis for major histocompatibility 
complex class II-associated autoimmunity. Science 248, 1993-1999. 
Toyonaga. B., Yoshikai, Y., Vadasx, V., Chin, B., and Mak, T. (1985). 
Organization and sequences of the diversity, joining, and constant 
region genes of the human T cell receptor 5 chain. Proc. Natl. Acad. 
Sci. USA 82, 8824-8828. 
von Boehmer, H. (1994). Positive selection of lymphocytes. Cell 76, 
219-228. 
Weyand. C. M., Hicok, K. C., Conn, D., and Goronzy, J. J. (19923. 
The influence of HLA-DRBl genes on disease severity in rheumatoid 
arthritis. Ann. Intern. Med. 117, 801-898. 
Weyand, C. M., Xie. C., and Goronxy, J. J. (1992b). Homoxygosity 
for the HLA-DRBl allele selects for extraarticular manifestations in 
rheumatoid arthritis. J. Clin. Invest. 89, 2033-2939. 
Winchester, R. (1994). The molecular basis of susceptibility to rheuma- 
toid arthritis. Adv. Immunol. 56. 389-488. 
